Nearly every major process in a cell is carried out by assemblies of multiple dynamically interacting protein molecules. To study multi-protein interactions within such molecular machineries, we have developed a fluorescence microscopy method called three-chromophore fluorescence resonance energy transfer . This method allows analysis of three mutually dependent energy transfer processes between the fluorescent labels, such as cyan, yellow and monomeric red fluorescent proteins. Here, we describe both theoretical and experimental approaches that discriminate the parallel versus the sequential energy transfer processes in the 3-FRET system. These approaches were established in vitro and in cultured mammalian cells, using chimeric proteins consisting of two or three fluorescent proteins linked together. The 3-FRET microscopy was further applied to the analysis of three-protein interactions in the constitutive and activation-dependent complexes in single endosomal compartments. These data highlight the potential of 3-FRET microscopy in studies of spatial and temporal regulation of signaling processes in living cells.
Many cellular processes are governed by multi-component molecular machineries that rely on dynamic and highly coordinated protein-protein interactions. For example, assembly of protein complexes during signal transduction processes increases the speed of enzymatic reactions, ensures the specificity of signaling and targets signaling molecules to proper intracellular compartments. During recent years, fluorescence resonance energy transfer (FRET) has become a key method for the analysis of proteinprotein interactions during signal transduction in living cells [1] [2] [3] . FRET studies using proteins tagged with mutant derivatives of the green fluorescent protein (GFP) have demonstrated the formation of complexes of signaling proteins in various intracellular compartments [4] [5] [6] [7] . FRET-based genetically encoded biosensors for second messengers, protein phosphorylation and activity of small GTPases have provided insights into the spatial and temporal regulation of signaling processes [8] [9] [10] [11] [12] .
The combination of enhanced cyan (CFP) and yellow (YFP) fluorescent proteins has proven to be most effective in many FRET studies. Cloning of Anthozoa fluorescent proteins, such as red DsRed 13, 14 and far-red HcRed 15 , has expanded the in vivo applications of FRET, but a major limitation of Anthozoa proteins for FRET applications is their obligate oligomerization 16 . Recent generation of a monomerized mutant of DsRed, monomeric red fluorescent protein 1 (mRFP) 17 , provides the opportunity to generate functional monomeric fusion proteins and to use mRFP as a FRET acceptor with proteins fused to GFP or its mutants.
Various methods of FRET measurements have been used to visualize protein-protein interactions 18 . The general limitation of these methods is that they only permit the analysis of interactions between two proteins. To analyze multi-component signaling complexes, a method to measure interactions between several proteins in vivo is required. 3-FRET methods using organic dyes to study multiple interactions in vitro have recently emerged [19] [20] [21] . We have designed experimental conditions to use mRFP as a FRET acceptor paired with CFP or YFP. These experiments have led to the development of a method of 3-FRET that is capable of measuring FRET signals within a system of three donor-acceptor pairs, such as CFP-YFP, CFP-mRFP and YFP-mRFP in vitro and in vivo.
RESULTS

CFP-YFP-mRFP 3-FRET in vitro
To examine whether mRFP is an efficient acceptor of energy transfer from CFP and YFP, we expressed concatemeric proteins consisting of a tandem of either CFP and mRFP or YFP and mRFP, each containing the factor X a protease cleavage site within the linker between fluorescent proteins, in bacterial cells and purified them (Fig. 1a) . Emission spectra were measured before and after digestion by factor X a . Cleavage of fusion proteins led to an increase in donor emission and a simultaneous decrease in red emission of mRFP acceptor, indicative of FRET from CFP and YFP to mRFP (Fig. 1b-c) . Calculation of FRET efficiencies (designated as E) based on the increase of donor fluorescence emission upon cleavage of the chimeric proteins produced E CR ¼ 0.40 and E YR ¼ 0.45 for CFP-mRFP and YFP-mRFP pairs, respectively. For comparison, E CY for CFP-YFP pair was 0.42 ( Fig. 1d and Supplementary Table 1 online), which is consistent with previously published data 22 .
To examine whether FRET between CFP, YFP and mRFP can be detected simultaneously, we prepared a triple-fusion protein consisting of CFP, YFP and mRFP (Fig. 1a) . Within this construct parallel CFP-YFP and CFP-mRFP FRET, as well as a further one-step YFP-mRFP FRET, are possible. Separation of fluorescent proteins in the CFP-YFP-mRFP fusion resulted in an 85% increase of emission at 474 nm, which yields total energy transfer from CFP of 0.46 (E C-YR ¼ 0.46) (Fig. 1e) . This value is higher than E CY efficiency measured for the CFP-YFP fusion (E CY ¼ 0.42) (Fig. 1d) , suggesting that energy from CFP is transferred not only to YFP but also directly to mRFP in the triple-fusion protein. To calculate the efficiency of CFP-mRFP FRET in the CFP-YFPmRFP protein, we generated a control construct containing the YFP Y66C mutant lacking the chromophore (Fig. 1a) . The CFP-YFP/Y66C-mRFP fusion exhibited E CR efficiency of 0.22 ( Fig. 1f) , which reflected the increase in distance between CFP and mRFP in the triple-fusion as compared with that in the CFP-mRFP doublefusion protein (E CR ¼ 0.40).
The E values for the two-chromophore constructs, which exhibit the same respective spatial locations of CFP, YFP and mRFP proteins as those in the CFP-YFP-mRFP chimera, were used to calculate apparent efficiencies of energy transfer from CFP to YFP (E¢ CY ) and to mRFP (E¢ CR ) in this three-chromophore construct (see mathematical description and calculations of 3-FRET efficiencies in Supplementary Methods online). These calculations yielded E¢ CR ¼ 0.14 and E¢ CY ¼ 0.36; therefore, E C-YR THEOR ¼ 0.50, which is in good agreement with the experimentally obtained value for E C-YR EXP ¼ 0.46. Our calculation also showed that B45% of energy from CFP reaches mRFP directly, and the remaining 55% is the result of the sequential CFP-YFP-mRFP FRET. Thus, these experiments demonstrate that three mutually dependent FRET processes were observed in the CFP-YFP-mRFP fusion protein.
CFP-YFP-mRFP 3-FRET in mammalian cells
To develop live-cell mRFP-based FRET microscopy techniques, we expressed CFP-mRFP and YFP-mRFP fusion proteins (Fig. 1a) in COS-1 cells. A three-filter method of sensitized FRET measurements 23 was used, as described in our previous studies with the CFP-YFP pair 7 . Corrected FRET (FRET C ) signals (equation 1A) were obtained for both YFP-mRFP and CFP-mRFP pairs (Fig. 2a,b) . The FRET efficiency (E) images, calculated according to equation 2, showed that E was independent of the expression level of fluorescent proteins (Fig. 2a,b) , indicating that concentration-driven, nonspecific FRET signals are not detected in our system.
To confirm the detection of FRET with mRFP acceptor by sensitized emission, we used a second approach of measuring FRET efficiencies, a method of donor fluorescence recovery after acceptor photobleaching (DFRAP) 24 . Because of rapid diffusion of the proteins in the cytosol, mRFP was photobleached in whole cells. There was a substantial increase in donor intensities after mRFP photobleaching, indicative of FRET (Fig. 2a,b) . The FRET efficiencies (E P ) were calculated (equation 3) for whole cells rather than on a pixel-by-pixel basis owing to considerable redistribution of fluorescence intensities in the cell during photobleaching. The mean E P values of YFP-mRFP (0.23) and CFP-mRFP FRET (0.14) in experiments where the maximal photobleaching was achieved (490%) were slightly lower than the FRET efficiencies obtained using sensitized emission measurements (0.25 and 0.17, respectively), owing to incomplete photobleaching of the acceptor and, therefore, incomplete donor dequenching.
To examine whether microscopic analysis can be used to detect 3-FRET in living cells, we expressed the triple fusion CFP-YFPmRFP construct (Fig. 1a) in cells. We set up a six-filter channel method, which allowed acquisition of images of all three chromophores and three 'raw' FRET images. We used these six images to calculate three FRET C images (equation 1A). Positive FRET C signals were detected for all three FRET pairs: CFP-YFP, 
ARTICLES
CFP-mRFP and YFP-mRFP (Fig. 1a) . In this system, YFP-mRFP FRET does not depend on the presence of CFP. Therefore, the transfer efficiency (E YR ) images were directly calculated using FRET C YR and YFP images (Fig. 2c) . The energy transfer from YFP to mRFP in the triple-fusion construct was confirmed by DFRAP (Fig. 2c) . Elimination of mRFP by photobleaching allowed calculation of FRET efficiency (E CY ) images for a CFP-YFP pair (Fig. 2c) .
As predicted from in vitro experiments ( Fig. 1) , CFP-mRFP FRET C signals in the CFP-YFP-mRFP fusion result from direct CFP-mRFP and sequential CFP-YFP-mRFP FRET. Therefore, transfer efficiency values cannot be easily derived from FRET C CR values in this case. Direct FRET can be separated from sequential FRET by eliminating the YFP fluorochrome in the triple construct. But because YFP could not be eliminated by photobleaching without substantial photobleaching of mRFP, the direct CFPmRFP transfer efficiency was measured using the CFP-YFP/Y66C-mRFP protein (E CR ¼ 0.04) (Fig. 2d) . E values obtained for all three direct FRET processes that occur in the CFP-YFP-mRFP protein (Figs. 2c,d) were used to calculate the total amount of energy transferred from CFP directly to YFP and mRFP (E C-YR ¼ 0.36), as described in in vitro experiments (Fig. 1) . Approximately 9% of excited CFP energy reaches mRFP, of which approximately one third is due to direct FRET. 1a ) were expressed in COS-1 cells for 2 d. Three images (donor, acceptor and FRET filter sets) were acquired from living cells before and after mRFP photobleaching. FRET C and E images were calculated and presented in quantitative pseudo-color. On the graphs, the random linear intensity scans of E (red) and mRFP images (blue) are presented. The mean values of E and E P (7 s.d.) obtained using sensitized emission method and DFRAP are presented under corresponding images. (c) CFP-YFP-mRFP fusion protein was expressed for 2 d. Six images (YFP, CFP, mRFP and three FRET images) were acquired from living cells before and after mRFP photobleaching at 575 nm. FRET C and E images were calculated and presented as in a. Linear intensity scans of E (red) and acceptor images (blue) are presented. The mean E and E P values of YFP-mRFP FRET were also calculated based on sensitized emission and donor dequenching, and presented under corresponding images. The mean E value for CFP-YFP FRET was calculated after mRFP photobleaching. DCFPa/b is the fraction increase of CFP fluorescence intensity after mRFP photobleaching. (d) CFP-YFP/Y66C-mRFP fusion protein was expressed for 2 d. Six images (YFP, CFP, mRFP and three FRET images) were acquired from living cells before and after mRFP photobleaching. FRET C and E images were calculated as described in a. Linear intensity scans of E (red) and acceptor images (blue) are presented. The mean E values (7 s.d.) of CFP-mRFP were calculated based on sensitized emission and donor dequenching. 
Energy transfer from CFP to YFP and mRFP, and from YFP to mRFP, was confirmed by DFRAP using consecutive photobleaching of mRFP and YFP (Fig. 2e) . These experiments were carried out in fixed cells because considerable cell shape changes and redistribution of fluorescent proteins take place in living cells during two rounds of whole-cell photobleaching, which leads to substantial errors in measurements of fluorescence intensities. The FRET efficiencies obtained in experiments with fixed cells were typically lower than those obtained in experiments with living cells owing to reduced quantum yields of CFP and YFP after chemical fixation.
The data in Figure 2 demonstrate that there is good correlation of the FRET efficiencies measured using sensitized acceptor emission and DFRAP methods; that three interdependent FRET processes can be detected using a six-filter method; and that direct CFP-mRFP FRET can be distinguished from sequential CFP-YFP-mRFP FRET.
Detection of a three-protein complex Whole-cell FRET experiments with fusion proteins demonstrated the feasibility of using mRFP as a FRET acceptor in three-filter and six-filter FRET measurements in vivo. To establish a technique for measurement of 3-FRET between three distinctly tagged proteins in an individual cellular compartment, we constructed mRFP-Rab5 and analyzed a proposed model of protein interactions in endosomal Rab5-early endosomal antigen 1 (EEA.1) microdomains 25 . mRFP-Rab5 was coexpressed with CFP-Rab5 and YFP-EEA.1sh, a fragment of EEA.1 protein (residues 1,306-1,411) that is targeted by its FYVE domain to early endosomes, where it binds to Rab5 (ref. 26) . mRFP-Rab5 protein colocalized with both proteins in endosomes (Fig. 3a) , suggesting that mRFP tagging of Rab5 does not interfere with Rab5 targeting and function.
To measure 3-FRET, we used the six-filter FRET method to obtain three FRET C images. To prevent image shifting during sixfilter image acquisition, endosomal movement was reduced by treating cells with nocodazole, an inhibitor of microtubule polymerization. This treatment did not alter cell shape or the morphological appearance of endosomes. FRET C images indicated three FRET processes: YFP-EEA.1sh-mRFP-Rab5, CFP-Rab5-YFP-EEA.1sh, and CFP-Rab5-mRFP-Rab5 (Fig. 3a) . Merging three FRET C images of the individual endosomes produced a similar distribution of FRET C signals for three FRET pairs across the endosomes, which is consistent with the presence of threeprotein complexes (Fig. 3b) .
The mean values of apparent energy transfer (Ed) calculated for individual endosomes using regional FRET analysis in cells expressing mRFP-Rab5, YFP-EEA.1sh and CFP-Rab5 were significantly (P o 0.02) higher than these values in cells coexpressing free YFP, CFP and mRFP proteins (Fig. 3c) . Based on measurements of Ed values in this negative-control experiment, Ed values below 0.01 were considered to indicate the absence of FRET in further experiments. The Ed values obtained in regional analysis did not increase with an increase in donor or acceptor concentration in endosomes, suggesting that the observed FRET is not concentration-driven ( Supplementary Fig. 1 online) .
The data in Figure 3 demonstrate the detection of three-protein complexes in a single compartment of living cells by the 3-FRET method. FRET between CFP-Rab5 and mRFP-Rab5, and between YFP-EEA.1sh and mRFP-Rab5, in endosomes was also confirmed in cells expressing each pair of proteins using sensitized FRET and DFRAP methods ( Supplementary Fig. 2 online) . In DFRAP experiments using CFP as the donor, a low signal to noise ratio observed for the CFP filter set in the triple-chromophore system resulted in considerable experimental error. Given that the data obtained using sensitized FRET and DFRAP methods correlated well (Fig. 2) and that considerably less variability in Ed values was observed in the sensitized FRET measurements, we relied on the sensitized FRET technique in subsequent experiments, using CFP as the FRET donor. 
Analysis of EGFR interactions with Grb2 and Cbl
We next tested whether 3-FRET can detect stimulus-dependent, dynamic interactions between three different proteins: epidermal growth factor receptor (EGFR), Grb2 and c-Cbl. To this end, a fusion protein of mRFP and EGFR was prepared and transiently expressed in COS-1 cells. The pattern of subcellular distribution of EGFR-mRFP was similar to that previously observed in cells transiently expressing EGFR-GFP 27 . Western-blot analysis demonstrated correct size and EGF-dependent tyrosine phosphorylation of EGFR-mRFP ( Supplementary Fig. 3 online) .
When EGFR-mRFP was cotransfected with Grb2-CFP and Cbl-YFP, all three fusion proteins were distributed throughout the plasma membrane, cytosol or nucleus (Fig. 4) . FRET C signals calculated for the energy transfer between EGFR-mRFP and Grb2 or Cbl fusion proteins had Ed values r0.01 (Fig. 5a) , comparable to these values obtained for the negative controls (Fig. 3c) . Substantial FRET C signals and Ed values were obtained only for the Grb2-CFP-Cbl-YFP pair in the cytosol and ruffle-rich plasma membrane areas, thus confirming the constitutive Grb2-Cbl association 28 (Figs. 4a and 5a) .
Upon stimulation of cells expressing the fusion proteins with epidermal growth factor (EGF), strong FRET C signals and large Ed values were obtained for EGFR-mRFP-Grb2-CFP and Grb2-CFP-Cbl-YFP FRET pairs in the plasma membrane, especially in ruffle-rich areas, and endosomes (Figs. 4b and 5, and Supplementary Fig. 4 online) . Likewise, substantial FRET C CR and Ed CR values were detected in endosomes of cells coexpressing EGFR-mRFP and Grb2-CFP in the absence of the Cbl fusion protein (Fig. 6b,c) .
In contrast, very minimal, if any, FRET signals were detected between Cbl-YFP and EGFR-mRFP when these proteins were coexpressed with (Figs. 4b and 5a) or without Grb2-CFP, (Fig. 6c) . Similar results were obtained with DFRAP experiments (Fig. 6a) .
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No FRET was detected between EGFR-mRFP and YFP-Cbl fusion protein, in which the YFP moiety was attached at the N terminus of c-Cbl (data not shown). These data suggested that YFP attached to either terminus of Cbl is unfavorably oriented for direct FRET to the C terminus of the EGFR (Fig. 6d) . When EGFR-mRFP was coexpressed with Grb2-YFP and Cbl-CFP, substantial FRET C signals and Ed values were obtained for the pair of Cbl-CFP and EGFR-mRFP fusion proteins (Figs. 4c and  5b) . On the other hand, expression of these two proteins without coexpression of Grb2-YFP yielded no FRET (Fig. 6a,c) . Therefore, we hypothesize that FRET from Cbl-CFP to EGFR-mRFP required the presence of the intermediate adaptor, Grb2 tagged with YFP and, therefore, occurred due to sequential CFP-YFP-mRFP energy transfer (Fig. 6d) , as observed for the CFP-YFP-mRFP concatemer ( Figs. 1 and 2) . Taken together, the data obtained in the 3-FRET analysis provide direct evidence to support the previously proposed model that although Cbl is capable of direct binding to EGFR, it preferentially binds receptors indirectly through Grb2 (refs. 28,29) .
DISCUSSION
In this study, we characterized CFP-mRFP and YFP-mRFP FRET pairs that utilize mRFP as the acceptor. Because mRFP is a derivative of DsRed, the possibility of spontaneous oligomerization was a concern. For the fusion proteins of EGFR and Rab5 used in this study, no substantial oligomerization was observed under conditions of moderate expression. Fusion of several other proteins with mRFP yielded inactive proteins that exhibited cytoplasmic aggregation. Therefore, further improvement of mRFP is necessary.
When compared for identical fusion proteins, the efficiency of YFP-mRFP FRET was higher than that of the CFP-mRFP pair, regardless of the method of FRET measurement (Figs. 1 and 2 ). This observation is in good agreement with the shorter Förster distance for the CFP-mRFP pair (R CR ¼ 3.82), as compared with R YR ¼ 4.90 nm, estimated for YFP-mRFP (Supplementary Table 1 online). But the minimal cross-bleeding between filter channels used to measure sensitized CFP-mRFP FRET makes this pair useful for FRET microscopy. The E values obtained for CFP-mRFP FRET in cells were lower than the values measured with purified proteins. This discrepancy can be caused by partial degradation of the fusion constructs in vivo 30 , and by the presence of immature nonfluorescent species of mRFP, which absorb at 500 nm (ref. 17 ) and therefore act as efficient CFP quenchers. Such CFP quenching is eliminated upon cleavage of the tandem proteins in vitro but not by photobleaching mRFP in cells at 575 nm.
As mRFP was able to serve as a FRET acceptor for CFP and YFP, we expanded the portfolio of FRET techniques with the 3- 
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(CFP-YFP and CFP-mRFP) and sequential FRET (CFP-YFP-mRFP) can occur and be measured by spectral analysis in vitro (Fig. 1) and using a six-filter microscopic method in living cells (Fig. 2) . Calculations of transfer efficiencies using triple fusion proteins correlated well with the theoretical and experimental values obtained for each of the three mutually dependent FRET processes (Fig. 1) . E values obtained using a sensitized FRET method and E P values measured using the DFRAP technique in the same cell were similar, thus confirming the accuracy of calculations of the FRET efficiency using G factors (Fig. 2a) . Development of the six-filter method of intramolecular FRET measurements opened the way to the application of this method to intermolecular 3-FRET analysis in single cellular compartments, which was developed using two experimental models. The first model system of Rab5-EEA.1 microdomains in endosomes is an example of constitutive complexes, where interactions between all three differentially tagged components were detected as three FRET processes (Fig. 3) . In the second model, formation of a three-protein complex in response to a stimulus (EGF) was observed through the detection of two direct and one sequential FRET processes (Figs. 4-6) . Analysis of the second model showed that the ability to detect the sequential energy transfer by 3-FRET is particularly useful for analyzing ternary complexes in which the interaction between two proteins is mediated by a third molecule.
Rapid movement of organelles, such as endosomes, during sixfilter image acquisition represents a key experimental difficulty in 3-FRET microscopy of living cells. To circumvent this problem, we inhibited microtubule-dependent motility, which markedly reduced endosome movement. Another difficulty in the intermolecular FRET analysis is the quantification of the data. Although FRET C images offer a qualitative indication of FRET in these experiments, true FRET efficiencies cannot be directly calculated from FRET C data because of unknown donor-acceptor concentrations and stoichiometry of interactions, as well as the presence of endogenous, unlabeled species of interacting proteins. This raises the issue of what is the best approach to establish the presence or absence of energy transfer from the FRET data and compare FRET data between different samples. The first issue must be addressed by comparing FRET signals in the experimental sample with those in control samples of noninteracting proteins. Although coexpression of nonfused fluorescent proteins is typically used as a negative control (Fig. 3c) , the most reliable reference sample of the absence of FRET must be designed so that proteins that are not involved in FRET are expressed at the same levels and have the same pattern of localization in the cell as the experimental pair. For instance, in our studies FRET signals obtained for EGFR-mRFP/Cbl pairs were used as a reference for the absence of FRET, or a minimal FRET, to confirm the presence of FRET in other combinations of EGFR, Grb2 and Cbl fusions, which were present in endosomes in amounts and molar ratios comparable to those in the negativereference samples (Figs. 4-6) .
The issue of quantification of intermolecular FRET data has been under much debate 23, 31, 32 . It has been previously concluded that calculation of the apparent E values (Ed in this paper, equation 2), which roughly represent FRET C normalized by the donor concentration, results in near-optimal measurement of FRET, and that its subsequent normalization by the acceptor concentration increases the variability in the resulting FRETN values 23 . Moreover, comparison of various methods of calculation of FRET efficiencies in the experimental system of multiple donor-acceptor interactions demonstrated that the method of E calculation 23 is the most reliable 32 . In our experiments, comparison of Ed (equation 2) and FRETN (equation S8 in Supplementary Methods online) values for multiple subregions of the same cell revealed that Ed values had the lowest variability (data not shown). We found, however, that it is unpractical to calculate the Ed for entire images because of the substantial amplification of the computational noise of low intensity pixels (Fig. 3a) . In contrast, calculation of Ed values using regional FRET analysis produced much more consistent data because regions or single organelles with no temporal shifts and near-stoichiometric ratios of fluorescent proteins could be selected for calculations.
In conclusion, our studies demonstrate the feasibility of the reliable analysis of dynamic multi-protein assemblies in vivo using the 3-FRET method when it is carried out by careful comparison of FRET C images and Ed values obtained in different experiments with the same donor-acceptor pair of fluorescently tagged proteins that exhibit similar subcellular localization and are expressed at comparable levels.
METHODS
Plasmids, protein expression and spectroscopy. Construction of bacterial and mammalian expression plasmids, protein expression and purification are described in Supplementary Methods online. Excitation and emission spectra of purified fluorescent proteins and their concatemers before and after cleavage by factor X a were measured at 25 1C in a 0.5-cm quartz cuvette using a PTI Fluorescence Spectrophotometer (Photon Technologies). To minimize cross-excitation of the acceptors in FRET measurements (see Supplementary Methods online), CFP and YFP donors were excited at 420 nm and 470 nm, respectively.
FRET microscopy. COS-1 cells were transfected using Effectene (Qiagen). Expression of mRFP-fused proteins was confirmed by Western blotting, as described 26 . For microscopy, cells were replated 1 d after transfection onto 25-mm glass coverslips and incubated in serum-and phenol red-free medium containing 0.1% bovine serum albumin for 6-20 h before an experiment. In experiments with EGFR, the cells were stimulated with 17 nM EGF for 30 min at 4 1C to allow for maximal occupancy of receptors, and then incubated at 37 1C for 30 min. Coverslips with cells were mounted in a microscopy chamber and imaged at room temperature. Before image acquisition, cells were treated with 20 mg ml -1 nocodazole (Sigma) for 15 min at 37 1C.
The fluorescence imaging Marianas workstation (Intelligent Imaging Innovation) based on an inverted Zeiss microscope equipped with independently-controlled excitation and emission filter wheels and a micropoint FRAP system (Photonic Instruments) was used.
The method of sensitized two-chromophore FRET measurement has been described previously 7, 23 . For 3-FRET, images were acquired sequentially through FRET CY , FRET CR , FRET YR , CFP, YFP and mRFP filter channels (see Supplementary Table 2 online) using 2Â2 binning mode and 100-ms to 500-ms integration times. Background for each cell expressing fluorescent proteins was determined as mean intensity of adjacent cells not expressing fluorescent proteins and subtracted from the raw image before carrying out FRET calculations.
FRET C was calculated for each of three two-chromophore FRET pairs in the presence of three fluorescent proteins on a pixel-by-pixel basis for the entire image as described for twochromophore FRET 7 using the formula shown in equation 1 in a modified notation 23 :
Df, Af or Tf is the fluorescence signal using donor, acceptor or a third fluorochrome filter channel, respectively, in the presence of three fluorochromes; Ff is the fluorescence signal through the FRET filter channel in the presence of three fluorochromes; and Fd/Dd, Fa/Aa and Ft/Tt are cross-bleed coefficients measured in cells expressing only a donor, an acceptor or a third fluorochrome, respectively, as the fraction of the donor, acceptor or the third fluorochrome fluorescence passing through the FRET channel. These coefficients are presented in Supplementary Table 2 online. The Ft/Tt coefficients, as well as cross-bleeds between CFP, YFP and mRFP filter channels, were found to be effectively zero (o0.5%). equation 1 was, therefore, simplified to:
Fd/Dd and Fa/Aa coefficients were slightly overestimated by rounding up to the nearest hundredth, which could result in underestimation of FRET C and negative FRET C pixel values for the control FRET between pairs of noninteracting proteins. Because 'negative' fluorescence intensity does not have physical meaning, for calculation of FRET C images using 'whole-image math' , pixels with negative FRET C intensities were assigned a fluorescence intensity of zero. All images were inspected for shifts of fluorescent compartments during image acquisition and were discarded if such shifts occurred. In experiments with concatemeric constructs (donor-acceptor 1:1), FRET efficiency E was calculated according to ref. 23 as:
G is the factor relating the loss of donor signal due to FRET with the donor filter set to the increase of the acceptor emission through the FRET filter set due to FRET 23 . The values of G(cy) ¼ 3.099, G(cr) ¼ 1.290 and G(yr) ¼ 0.416 were calculated for CFP-YFP, CFP-mRFP and YFP-mRFP donor-acceptor pairs, respectively, as described 23 .
In experiments where the stoichiometry of donor and acceptor interactions was unknown, mean donor, acceptor and FRET C signals were calculated for several selected subregions of the image containing individual endosomes, ruffles or diffuse fluorescence areas. The Ed for each subregion was calculated according to equation 2. Ed values were calculated using FRET C images that were obtained using 'whole-image math' as described for equation 1A. Therefore, mean FRET C intensities and Ed values of subregions were Z0.
In samples with variable donor-acceptor stoichiometry, Ed is an apparent FRET efficiency and cannot be directly related to the true transfer efficiency E. Because Ed value varies greatly with the significant changes of acceptor-donor ratio, only subregions, where donor and acceptor molar ratios did not differ from each other by more than twofold, were used for calculations of Ed values. The relative apparent fluorescence intensities of CFP, YFP and mRFP were calculated using concatemeric constructs in DFRAP experiments. The acceptor intensity was measured before photobleaching, whereas the intensity of the donor was measured in the same cells after acceptor photobleaching. These calculations yielded mean values of the arbitrary units of fluorescence intensity of 1.0:14.1:7.0 for equimolar quantities of CFP, YFP and mRFP, respectively. The method of regional analysis allowed us to avert overestimation and underestimation of FRET signals due to temporal shifts of organelles during image acquisition by exclusively selecting for calculations the organelles that did not shift.
FRET C and E images are presented in a quantitative pseudocolor mode as described 26 .
DFRAP experiments. Typically, three or six images were acquired in two-chromophore FRET or 3-FRET experiments, respectively, before and after photobleaching of mRFP or YFP using a dye laser at 575 or 515 nm, respectively, either in whole living cells expressing concatemeric constructs or in a region of interest (ROI-1; individual compartments in living cells or subregions in fixed cells). In these experiments, the excitation intensity during image acquisition was reduced due to the introduction of a 50/50 dichromatic for the FRAP system to achieve simultaneous photobleaching and image acquisition. Usually, reduction of the initial mRFP or YFP fluorescence intensity down to a level of 10-20% was observed after one round of photobleaching without significant reduction of the donor intensities, as tested with cells only expressing the donor. Mean fluorescence intensity of the acceptor and donor in ROI-1 before and after photobleaching was measured. Because of possible endosome movement during photobleaching, careful selection of all pixels corresponding to an endosome was carried out independently on the image before and after bleaching to measure the fluorescence intensities of the whole endosome. To control for cell movement and fluorescence fluctuations independent of bleaching, mean fluorescence intensity of unbleached regions of the cell (ROI-2) was measured. The experiments, in which minimal changes in ROI-2 occurred, were used for calculations of FRET efficiencies. Mean fluorescence intensities in ROI-1 and ROI-2 were measured under the same condition for each data set. All experiments were carried out under identical microscope settings for the laser energy input and the fluorescence detection. The FRET efficiency E was calculated as described 32 : Df (ROI-1) and Dd (ROI-1) are the mean fluorescence intensities of the donor in ROI-1 before and immediately after photobleaching, respectively. Df b(ROI-2) and Df a(ROI-2) are the mean fluorescence intensities of the donor in the ROI-2 before and immediately after photobleaching, respectively.
